Objective. In this multicentre study, we aimed to evaluate the capacity of a computer-assisted automated QCT method to identify patients with SSc-associated interstitial lung disease (SSc-ILD) with high mortality risk according to validated composite clinical indexes (ILD-Gender, Age, Physiology index and du Bois index).
Introduction
The interstitial lung disease (ILD) related to SSc is still an open challenge for rheumatologists. Most SSc patients have ILD, but only one in five will experience lung function impairment associated with an increased risk of death [1, 2] . The early identification of this group is mandatory in order to start appropriate treatment.
There is evidence of an association between prognosis and a number of demographic and clinical parameters (e.g. gender, age, antibody profile, lung function, extent of pulmonary fibrosis). Recently, Ryerson et al. [3] showed that risk models of idiopathic pulmonary fibrosis could be extended to SSc patients. In particular, the ILD-Gender, Age, Physiology (GAP) index and du Bois index (dBi) showed the best performance; both are based on age, gender and lung function [4, 5] . Notably, these models provide the ability to distinguish between SSc patients with different risk of death related to ILD and therefore select those subjects who will need early active surveillance and therapy for pulmonary disease.
Chest CT is the gold standard for detection of ILD because it provides a description of the extent and severity throughout the whole lung volume [6] . However, ILD rating by CT has low inter-observer agreement, even among experienced radiologists [7, 8] . Conversely, quantitative chest CT (QCT) allows this limit to be overcome by means of voxel-wise objective analysis of lung volume density, which is related to the extent and severity of ILD [911] . The development of free medical viewers (such as OsiriX or Horos) has made ILD assessment available to every rheumatologist. The objective ILD assessment obtained with OsiriX was correlated with the visual score of experienced radiologists and with lung function [12] .
Therefore, it seems reasonable to wonder whether QCT might allow the identification of SSc-ILD patients with increased risk of death.
The first aim of this study was to assess the distribution of QCT in groups of SSc-ILD patients with different predicted mortality as determined by clinical risk models. Second, we compared the association between estimated risk of death and QCT or visual assessment of ILD, and calculated the cut-off with the best discriminatory performance.
Methods
This study was conducted according to the Declaration of Helsinki. All patients agreed to participate by signing in- 
Patients
One-hundred and forty-six consecutive SSc patients from six different Italian rheumatology units were enrolled. All the patients fulfilled the ACR/EULAR classification criteria for SSc [13] . Exclusion criteria were age <18 years and absence of ILD at the baseline chest CT. All examinations were performed as part of the routine and good clinical practice protocol.
Pulmonary function tests
Forced vital capacity (FVC) and diffusing capacity of CO of each patient were recorded at baseline and after 69 months. All centres performed pulmonary function testing according to the American Thoracic Society / European Respiratory Society standards [14] .
Semi-quantitative assessments of CT Three thoracic radiologists scored the CT images, by consensus, according to the semi-quantitative method proposed by Goh et al. [15] . Further details are available in the semi-quantitative assessments of CT (sQCT) assessment section of the supplementary data, available at Rheumatology online.
Mortality risk models
According to Ryerson et al. [3] , the ILD-GAP index and the dBi are valid idiopathic pulmonary fibrosis risk models to predict mortality in SSc-ILD.
The ILD-GAP score takes into account the ILD subtype, gender, age, FVC and diffusing capacity of CO (if performable). We included only the subtype defined as 'ILD associated to connective tissue'. The ILD-GAP index classifies patients into four categories with an increasing risk of death at 1, 2 and 3 years [5] .
The dBi combines age, history of respiratory hospitalization and FVC value and its change after 6 months. We included variation of FVC up to 9 months after baseline assessment. The total risk score of the dBi is related to the 1-year expected percentage of death events, with relative risk classes defined as <2, 25, 510, 1020 and 2030% [4] .
Quantitative assessment QCT was performed using an open-source medical image viewer, namely OsiriX (freely available online, http://www. osirix-viewer.com (7 December 2016, date last accessed)) [16] , and its 64-bit open-source version, Horos (freely www.rheumatology.oxfordjournals.org available online, https://www.horosproject.org (7 December 2016, date last accessed)). Both software packages are extremely user friendly, with no need of radiological expertise to launch the automatic quantification of ILD on chest CTs. In this study, we chose Horos to perform the QCT with the same algorithm that we tested in a previous study [12] . The QCT parameters recorded were kurtosis (Kurt), skewness (Skew), mean lung attenuation, S.D. and fibrosis ratio. For definitions of the QCT parameters, see the supplementary definitions section of the supplementary data, available at Rheumatology Online. The first four parameters were calculated both in parenchymal CT and in total CT lung as previously defined [17] .
Statistical analysis
Statistical analysis was performed using R software (version 3.2.2, freely available online, https://www.r-project. org, (7 December 2016, date last accessed)). The ILD-GAP classes of predicted mortality were dichotomized as previously described [5] . The DuBois score was further collapsed into three clinically meaningful categories, in which the 1-year expectation of death was, respectively, <2, 510 and >10%. The difference between QCT parameters of patients with increasing mortality risk was sought by the MannWhitney U-test. The receiver operating characteristic curves analysis tested the performance of QCT parameters and sQCT assessment. The cut-offs were extracted by calculating the Youden index. A value of P <0.05 was considered statistically significant.
Results
We enrolled 146 patients. Only 111 subjects had a second FVC assessment within 9 months from the baseline. All these patients were included in the first five dBi total risk score clusters. The other 35 patients received the second FVC assessment after 9 months, and their dBi was not calculated.
Mortality risk subgroups were similar in terms of years of disease, gender, smoking habit and prevalence of antiScl70 antibodies. Age was statistically higher in patient subgroups with the worst outcome; indeed, age is a parameter accounted in both risk prediction models. For more details, see supplementary Tables S1 and S2 available at Rheumatology Online.
Patients with high and low mortality risk predicted by ILD-GAP score had nearly all the QCT parameters being different one from another (P < 0.005). Likewise, subjects with increasing dBi had different QCT parameters (P < 0.01). The descriptive results of the distributions of QCT parameters by risk groups are reported in supplementary Tables S3 and S4 , available at Rheumatology Online. Figure 1 shows examples of different distributions of QCT parameters.
Similar to QCT, the sQCT assessment was statistically different in patient subgroups determined by ILD-GAP index or dBi (P < 0.05).
Receiver operating characteristic curve analysis for high and low risk of mortality according to both prediction models was performed for each QCT parameter. For this purpose, dBi clusters were merged in order to create three couples of complementary subgroups with a mortality risk above or below the following 1-year expectations of death: 2, 5 and 10%. In general, the QCT parameter with the best discriminatory ability was the kurtosis of the parenchymal lung (pKurt). Table 1 lists the area under the curve of each QCT parameter and sQCT for each subgroup of mortality risk. Sensitivity analyses using three and five level outcomes for ILD-GAP or dBi supported the robustness of the results, and multivariate analyses confirmed the higher association for Kurt, Skew and mean lung attenuation compared with S.D. and fibrosis ratio (please see the sensitivity analysis section of the supplementary data, supplementary Fig. S1 and supplementary Tables S5S8, available at Rheumatology Online).
Discussion
This study shows that operator-independent quantification of ILD on chest CT is associated with risk of death as predicted by clinical scores. CT is considered with limited weight in death prediction models because of the lack of an operator-independent method to assess the extent and severity of ILD. Currently, the prevalent ILD pattern (i.e. ground glass or honeycombing) is the only chest CT characteristic taken into account in composite indexes to predict 1-year mortality. The main reason is that assessment of the extent of ILD is extremely variable among radiologists, even among experienced thoracic radiologists [7, 8] .
Although there are many software packages able to make a quantitative ILD assessment, in clinical practice they are not used because they are complicated or expensive.
However, we have recently shown that free software, such as OsiriX (and its 64-bit version, Horos), can easily provide an SSc-ILD quantification that is consistent with assessment by the thoracic radiologist [12] .
Goh et al. [15] identified a CT semi-quantitative ILD extent cut-off, which divides patients into groups with good or unfavourable prognosis. In our previous study, we demonstrated that QCT parameters are significantly different in these two groups. We also showed that the severity of lung impairment, as assessed according to the Medsger scale reflects different QCT values. [17] , reflects different QCT values. However, this scale originated from a consensus conference; it is not validated in clinical practice, and its prognostic capacity has not yet been proved. In constrast, the mortality prediction models taken into account in the present study have been widely shown to provide reliable prognostic indications [3] .
The present study supports the prognostic value of QCT. In fact, we compared QCT with two models of mortality prediction mainly based on history and functional data. Patients with a high risk of mortality according to these prediction models have significantly different QCT parameters compared with subjects who have only minor risk of death.
It is remarkable that the cut-offs identified in this study differ very little from those that emerged from previous studies [17, 18] . It is likely that the extent of ILD, impaired lung function and unchangeable risk factors (i.e. age and gender) are somehow encompassed by CT quantitative evaluation.
This study has several limits. The risk prediction models taken into account were developed mainly for idiopathic pulmonary fibrosis [4, 5] . These models tend to underestimate the mortality in SSc patients because they do not come from homogeneous and/or well-described patients. However, these models have recently been validated in an SSc cohort of patients [3] . In our study, we included patients with a long duration of disease even if these mortality prediction models were not investigated regarding the effect of other potentially severe SSc complications not related to ILD.
Many patients did not repeat the FVC within 6 months; therefore, we estimated the mortality risk according to the model of du Bois with an FVC variation in a longer time interval. Ryerson et al. [3] faced the same problem but, nevertheless, they validated the score in SSc subjects who did not have an FVC repeated within 6 months.
Chest CTs were retrieved retrospectively from different centres and, therefore, they were performed with different scanners as well as technical parameters. However, this possible heterogeneity did not prevent us from identifying patients with different mortality risk.
FIG. 1 Distribution of CT indexes in SSc patients with different mortality risk
Notched box-plots showing difference of tSkew and pMLA distribution between patients with different mortality risk according to both prediction models. tSkew: total lung skewness; pMLA: parenchymal mean lung attenuation.
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We do not think that the operator experience in informatics is a limit, because the procedure is easy and takes <1 min per patient. Likewise, the fact that OsiriX or Horos works only on MacOSX is not a true limit given the generally wide availability and use of Apple computers.
Even if the software used (Horos) is very user friendly and makes the QCT assessment easy, the QCT itself has some limits. In general, these limits are related to the lack of standardization of CT protocols (e.g. there is not a reference standard of CT slice thickness). QCT is based on chest CTs, which expose patients to a minimal biohazard attributable to the radiation. To date, this risk has never been quantified; anyway, the new low-radiation dose CTs will reduce it further [19] . Experts recommend a chest CT as soon as the diagnosis of SSc is made in order to The 95% CI is the 95% CI of the main cut-offs. The P-values represent the probability that the observed AUC is found when the true AUC is 0.5 (null hypothesis). AUC: area under the curve; dBi: du Bois index; FR: fibrosis ratio; ILD-GAP index: interstitial lung disease-Gender, Age, Physiology index; nss: not statistically significant; pKurt: parenchymal kurtosis; pMLA: parenchymal mean lung attenuation; pSD: parenchymal standard deviation; pSkew: parenchymal skewness; sQCT semiquantitative assessment; tKurt: total lung kurtosis; tMLA: total mean lung attenuation; tSD: total lung standard deviation; tSkew: total lung skewness.
identify the ILD [20] . We therefore believe that if this method were to be applied to the first chest CT, it would provide a tangible benefit to the clinician to establish the prognosis for SSc patients. Even if chest CT is not recommended in monitoring SSc-ILD, some authors have suggested a CT follow-up only for patients with a high risk of ILD worsening (i.e. patients with a significant extent of ILD) [2] . From this perspective, the QCT assessment might take on a crucial role in the evaluation of prognosis as well as the mortality risk prediction models. The introduction of QCT, despite the predicted limits, will lead to remarkable advantages. The paramount advantage consists of its operator independence. The possibility of performing QCT in a few seconds and without specific radiological training makes this method available to everyone. Moreover, QCT is suitable for multicentre investigations. As a consequence, researchers should consider QCT as an additional tool in ILD evaluation both in clinical practice and in trials.
Supplementary data
Supplementary data are available at Rheumatology Online.
